Snijders 7,8 5 4 1 the subsequent wintering season. In males, the early-life associations persisted across both 4 2 seasons. Association persistence was not mediated by genetic relatedness or familiarity. The 4 3 high level of aggressiveness of males, but not females, in the breeding season suggests that 4 4 males may have played a key role in shaping both their own social environment and that of 4 5 their partners. We show that early-life social relationships can be maintained well into later 4 6 life. Such relationships can be sustained even if they are temporarily disrupted, for example 4 7 due to reproductive behaviour. Our findings therefore highlight that the early-life social 4 8 environment can have life-long consequences on individuals' social environment. 4 9 5 0
coefficients. Meeting real conditions as closely as possible, we simulated mainly unrelated 1 7 0 dyads (N = 430) but also dyads of close familial relationships, namely 30 full sibs dyads (r = 1 7 1 0.5), 10 half sibs dyads (r = 0.25), and 30 first cousins dyads (r = 0.125). Based on this 1 7 2 simulation, we found that the maximum-likelihood estimator of Milligan (2003) performed 1 7 3 best and used it for the final estimation of r. This produced a strong correlation with expected 1 7 4 values of r (r 2 = 0.9; analysis of the simulated data set carried out with default settings). 1 7 5
Subsequently, all pairwise relatedness values of the experimental geese were obtained from 1 7 6
Coancestry with standard settings (see Kurvers et al., 2013 for more details). 1 7 7 1 7 8
Observations prior to pair formation: early life 1 7 9
After living for approximately 1.5 years in their respective familiarity groups-and prior to 1 8 0 any pair formation-we separated all geese into two single-sex groups (June 2009; Fig. 1 ) to 1 8 1 1 8 between 10 months and 4 years, however incidence in the field was lower (Black et al., 1996) . 2 1 9
As reported in Kurvers et al. (2013) genetic relatedness did not play a role in mate choice, 2 2 0
whereas geese actively selected against familiarity in selecting a mate. After the geese formed 2 2 1 pair relationships, and during their first breeding season, we again conducted observations of 2 2 2 foraging associations. We placed 10 grass patches (40 x 40 cm) in the aviary. Observations 2 2 3
were conducted for five weeks (31 May-2 July 2010, 25 observation days) in two 2-hour 2 2 4 blocks per day (8 a.m.-1 p.m.) following the same observation protocol described above. 2 2 5
During the breeding season, many of the paired individuals started building nests and laying 2 2 6 eggs. We regularly checked all nests and removed any eggs to avoid the hatching of goslings. 2 2 7
To study the stability of associations across seasons, we repeated the observations of 2 2 8
foraging associations six months later, during the wintering season, following the same 2 2 9
protocol (17 December 2010-4 February 2011, 13 observation days). Comparing the pair 2 3 0 status of all geese between the breeding and wintering seasons, we observed that all pair 2 3 1 relationships but one remained the same-the one pair relationship that changed was the 2 3 2 male-male pair. This reflects the strong and long lasting pair bonds in barnacle geese, which 2 3 3
generally stay together until one of the pair members dies (Black, 2001 From the observation data, we thus generated undirected weighted networks (i.e., networks 2 5 5
based on associations without initiators or receivers) for each of the three periods (early life, 2 5 6
breeding season, and wintering season). Edge weights in the networks were calculated using 2 5 7 the simple ratio index (SRI) as an association measure using the 'asnipe' package (Farine, 2 5 8 2013) in R (v. 3.4.4) . The SRI indicates the probability of observing two individuals in 2 5 9 association with each other given that one was observed. Values range from 0 (two 2 6 0 individuals were never observed together) to 1 (two individuals were always observed 2 6 1 together). The SRI is considered an effective measure of dyadic association strength provided 2 6 2 there are no large sampling biases (Farine & Whitehead, 2015; Ginsberg & Young, 1992 ; 2 6 3
Hoppitt & Farine, 2018). Since all observations were performed within aviaries in which all 2 6 4 individuals feeding on all patches could be easily observed, we did not expect a strong 2 6 5 sampling bias. 2 6 6
We first analysed whether early-life associations (within the same sex) were 2 6 7 maintained after pair formation, i.e. during the subsequent breeding and wintering season. 2 6 8
Within each sex, we performed Mantel tests using the built-in node permutation test from the 2 6 9
'vegan' library Mantel test function-running 50,000 permutations and using the spearman life and breeding season, and (ii) early life and wintering season. We started with a separate 2 7 2 matrix for each sex for the early-life associations, one matrix (containing both sexes) for the 2 7 3
breeding season, and one matrix for the wintering season. To compare the matrix correlation 2 7 4
for females (/males), we therefore first subset all females (/males) from the breeding and 2 7 5
wintering matrix, constructing single-sex matrices. To confirm that our results were not 2 7 6
mainly driven by the associations of the unpaired individuals (as we were primarily interested 2 7 7
in the possible continuation of associations after pair formation), we repeated these analyses 2 7 8
after further excluding associations between the unpaired individuals. To investigate if our 2 7 9 results were driven by a few strong associations, we also repeated this analysis while 2 8 0 excluding all associations with an SRI value higher than 0.1. formation, we studied the effect of genetic relatedness and familiarity on dyadic association 2 8 5
Patch visits and aggression 3 0 1
As we found sex differences in the continuation of early-life associations (see below), we 3 0 2 investigated the role of patch visitation rates and aggression as potential underlying 3 0 3 mechanisms. For each individual, for each period, we calculated the mean number of patch 3 0 4
visits per hour. We then used a Mann-Whitney U test to determine whether the sexes differed 3 0 5
in their patch visitation rates in each of the three seasons. Similarly, for each individual and 3 0 6
for each season, we determined the mean number of aggressive interactions initiated per hour, 3 0 7
and tested whether the sexes differed in their likelihood to display aggression in each of the 3 0 8 three seasons. Sex-and season-dependent effects of persistence of early-life associations 3 2 0
We quantified the foraging association networks for each of the three observation periods 3 2 1 (i.e., early life, breeding season, and wintering season, see Fig. 2 ), and compared the strength 3 2 2
of the dyadic associations that were formed early in life to those in subsequent seasons. We 3 2 3
found that a female's dyadic association strengths from early life (i.e. prior to pair formation) 3 2 4
were not significantly correlated with its dyadic association strengths to the same pool of dyadic association strengths to other males in both the subsequent breeding (r = 0.26; P = 3 3 0 0.002; Fig. 3c ) and the following wintering season (r = 0.31; P = 0.002; Fig. 3d ). 3 3 1
When excluding the associations among individuals that remained unpaired (7 of 42; When excluding all dyadic associations with an SRI value above 0.1 (which excluded 3 3 7
38 associations for females (7% of all associations) and 26 for males (5%)), we, again, 3 3 8
obtained similar results (females: early life vs. breeding: r = 0.00, P = 0.52; early life vs. Likewise, for males, we found no effect of genetic relatedness or familiarity on dyadic We investigated two mechanisms that might drive the disappearance of social associations in 3 5 5
females-but not males-during the breeding season. First, females may simply visit the food 3 5 6
patches less than males during the breeding season, which would lower their opportunities for 3 5 7 maintaining relationships. Though females visited patches less than males in the single-sex 3 5 8
groups before pair-formation (W = 50, P < 0.001; Fig. 4a ), females visited the patches equally 3 5 9
often as males in the breeding and wintering season (both P > 0.35; Fig. 4b, c ), ruling out this 3 6 0 explanation. 3 6 1
A second mechanism might be that males, being generally the more dominant member 3 6 2 of a pair, play a stronger role in determining the association members of a pair than do 3 6 3 females, especially in the breeding season. Before pair formation, males showed a higher 3 6 4 level of aggression than females in the single-sex groups (W = 142, P = 0.049; Fig. 4d ). 3 6 5
Likewise, males showed a substantially higher level of aggression than females during the 3 6 6
breeding (W = 8, P < 0.001; Fig. 4e ) and wintering seasons (W = 39, P < 0.001; Fig. 4f ). 3 6 7
Males displayed equal levels of aggression towards males and females in the breeding season 3 6 8
(Wilcoxon signed-rank test: V = 76, P = 0.10, Fig. 4e ) but slightly higher levels of aggression 3 6 9
towards males than females in the wintering season (V = 50, P = 0.02; Fig. 4f ). As expected, 3 7 0 male geese displayed higher levels of aggression in the breeding than in the wintering season 3 7 1
(Wilcoxon signed-rank test, males only: V = 240, P < 0.001; Fig. 4e, f) . In accordance, the 3 7 2 mean group size at patches was higher during the wintering than during the breeding season 3 7 3
(mean group size wintering: 2.4; breeding: 2.0; Fig. A1c, d) . Moreover, paired individuals 3 7 4
were more tolerant to the presence of other individuals (i.e., not belonging to the pair) at a 3 7 5
patch during wintering season. In the breeding season, in 80% of cases when pair members 3 7 6
were observed together on a patch, there were no other individuals present. In the wintering 3 7 7
season, this percentage dropped to 60% (mean number of non-pair individuals at a patch with 3 7 8 a pair during breeding: 0.26, during wintering: 0.76; Fig. A4c, d ). This is also apparent in the 3 7 9
network graphs showing more edges during the wintering season ( Fig. 2c, d ). foraging associations can persist after a major life-history transition-pair formation-in a 3 8 7 monogamous and long-lived bird species. However, which associations were maintained 3 8 8
depended on sex and season. Early-life associations in females were lost during the breeding 3 8 9
season, but resurfaced again during the subsequent wintering season. In males, the early-life 3 9 0 associations persisted across both seasons. We found no evidence of genetic relatedness or 3 9 1 familiarity on association persistence. Elevated male aggression likely influenced the limited 3 9 2 number of contacts outside of the pair bond during the breeding season-and thereby the 3 9 3 extent to which early-life associations could be maintained, especially by females during the 3 9 4 breeding season. Our findings extend the understanding of how social relationships develop 3 9 5
and are maintained over different life-history phases and how their importance to individuals 3 9 6
may vary with season. 3 9 7
Across taxa, females are well-known for maintaining long-term social relationships 3 9 8
( Cameron et al., 2009; Carter et al., 2013; Ilany et al., 2015; Silk et al., 2003) , which is 3 9 9
commonly attributed to their reproductive strategies. In our study, males, not females, the proximity of well-known conspecifics (Carter et al., 2009; Kutsukake, 2006) . In a 4 1 4
monogamous prey species such as barnacle geese, in which the male spends much of its time 4 1 5
during the breeding season on vigilance at the expense of foraging (Forslund, 1993) , such 4 1 6
benefits can be especially substantial. The expected benefits of maintaining long-term social 4 1 7
relationships vary with ecological and social conditions (Connor et al., 2017; Kappeler et al., 4 1 8 2013; Maher & Burger, 2011) , and studying the social structure of both sexes in taxa with 4 1 9 distinct space use (e.g., natal philopatry), life history (e.g., long life-span), social organization 4 2 0 (e.g., fission-fusion), and mating system (e.g., monogamy) characteristics, offers us greater 4 2 1
insight into the drivers and constraints of maintaining long-term stable associations in animal 4 2 2
societies. 4 2 3
The apparent lack of social association persistence for females in the breeding season 4 2 4
is surprising, but adds to our understanding of social flexibility by showing that the 4 2 5
persistence of social relationships not only varies between species and individuals (Kappeler The absence of continued association with early-life companions in females in the 4 3 9
breeding season appears to be in contrast to previous findings. An earlier study on wild 4 4 0 barnacle geese found that female, but not male, geese exhibited social preferences in terms of 4 4 1 nesting proximity, with females nesting closer to familiar females (van der Jeugd et al., 2002) . 4 4 2
It is possible that nest choice offers female geese an alternative way to maintain early-life 4 4 3 social associations, circumventing the potentially controlling influence of their partner during 4 4 4
foraging. Possibly, breeding in proximity to familiar and/or related conspecifics provides 4 4 5
context-specific benefits that foraging together does not. Intraspecific brood parasitism and 4 4 6 adoption is common in waterfowl (Anderholm et al., 2009a; Andersson et al., 2019; 4 4 7 Choudhury et al., 1993; Forslund & Larsson, 1995) season, suggesting that egg removal did not cause major disruption of pair bonds. 4 7 0
Taken together, our findings suggest that different types of social associations may be 4 7 1 beneficial in different contexts and that the early-life period can be a crucial time for the 4 7 2
formation of these associations. The next step is to disentangle whether individuals actively 4 7 3 choose to (re)associate with earlier companions depending on season-and context-dependent showing that individual-level recognition is already present from an early age. Our findings 4 8 0
here suggest that geese may be able to keep track of multiple types of relationships in a large 4 8 1 fission-fusion society, despite extended breaks, supporting similar observations in wild 4 8 2 barnacle geese (Black & Owen, 1995) , and that they can re-evaluate the benefits of these 4 8 3
relationships depending on context. Given the strong evidence for birthplace-independent 
